This paper presents a preliminary analysis of the de-orbiting and re-entry dynamics of space objects with a large area to mass ratio. Two different classes of objects are considered: fragments of satellites (like solar panels and pieces of thermal blankets) and complete nanosatellites with passive de-orbiting devices like a drag sail. Different sources of uncertainty are considered including atmospheric density variability with latitude and solar cycles, aerodynamic properties of the object, light pressure, initial conditions. The coupling of the uncertainty in the aerodynamic forces and attitude motion is investigated to understand if low fidelity three degrees of freedom models can be used in place of more expensive high fidelity models to make predictions on the re-entry time. Modern uncertainty propagation and quantification tools are used to assess the effect of uncertainty on the re-entry time and study the dependency on a number of key parameters.
Nomenclature

I. Introduction
There are large uncertainties in the current state of knowledge of the upper atmosphere. This is a major contributor to the difficulties in the prediction of the re-entry of space debris into the atmosphere. Beyond
II. Orbit propagation
In this work, two different simulators have been used: a 3 degrees of freedom (DoF) propagator, developed at the University of Strathclyde to study the re-entry of debris with high area-to-mass ratios, and a 6DoF one developed at Belstead Research Limited (BRL), that is used here to analyze the behavior of nanosatellites with area-augmentation devices. Note that BRL's simulator, referred to as the ATS6, is also capable of 3DoF propagation in a simpler version named ATS3. A description of the two models follows.
A. 3DoF propagator
The orbit propagator at Strathclyde University is implemented in C++ and is primarily based on Montenbruck & Gill.
3 The state vector is composed of the Cartesian coordinates for position and velocity in an inertial frame. Integration is performed using a Runge-Kutta-Fehlberg 4(5) scheme, which features step-size control. As far as gravitational forces are concerned, the geopotential is expanded up to order and degree 9 and lunisolar perturbations are computed using low-precision ephemerides for the Sun and the Moon. As for the non-gravitational contributions, the atmospheric density ρ is computed with the Jacchia-Gill model. 4 Apart from the positions of both the object and the Sun, two other parameters determine its value: the mean solar flux F 10.7 , given in units of 10 −22 W/m 2 /s, and the geomagnetic index K p , measured on a scale from 0 to 9. These two quantities normally change with time on various scales. For instance, long term variations are correlated to solar cycles. However, here, they are assumed to be constant during each propagation. Their range of variability is explored via the uncertainty quantification technique described in Section III. For this study, predicted monthly averaged values 5 for F 10.7 and K p are used as inputs for orbit propagation.
Non-gravitational forces for a spherical object
Let m denote the mass of the spacecraft, which is assumed to be constant over time. The acceleration due to dragr drag is:r
where the parameters are:
• A: cross-sectional area
• C D : drag coefficient
• v rel : relative velocity with respect to the flow
The cross-section area is fixed for a given spherical object while the drag coefficient is assumed to remain constant with time for a given trajectory, but a range of possible values is investigated via the Uncertainty Quantification technique described in Section III to try to capture the dependency on the average tumbling motion. Finally, the atmosphere is assumed to rotate with the Earth. The other non-gravitational force investigated for a spherical object is the solar radiation pressure. In order to see the effects of the worst-case scenario, no eclipse is taken into account. As a result, the corresponding accelerationr SRP writes:
where the parameters, not yet introduced, are:
• AU : astronomical unit
• r Sun : Sun's position (computed from ephemerides)
• P Sun = 4.560 × 10 −6 N/m 2 : solar radiation pressure in the vicinity of the Earth It is worth noticing that the two non-gravitational accelerations are both proportional to the area-to-mass ratio A/m, while gravitational contributions are independent of mass. However, for relatively low altitudes, as the ones considered in this paper, the acceleration due to drag is several orders of magnitude higher than radiation pressure and drives the orbit decay.
Extension to a square flat plate
For an ideal spherical object, there is no dependency of the orbital motion on attitude. Therefore, in order to study the potential effects of non randomly tumbling objects, a square flat plate is considered. Strictly speaking, a 6DoF simulation would be required for different geometries, and aerodynamic forces would need to be derived for each orientation, Mach number and altitude. As a first analysis, in this paper, we will assume that the attitude is maintained constant through the whole trajectory and we calculate the aerodynamic forces for a discrete number of configurations. The drag coefficient C D is computed as a function of the side-slip angle β and the angle of attack α. More precisely, reference values are obtained for a few specific orientations via Direct Simulations Monte Carlo (DSMC) and an interpolated model is then used to estimate C D for any possible orientation. The methodology adopted for the DSMC is detailed in the next paragraph.
The dsmcFoamStrath 6 code was used to run simulations of the square flat plate, based on the openFoam platform. A Variable Hard Sphere (VHS) model was used, along with a fully diffusive reflection model. The good DSMC practice suggests using a mesh refinement determined by the Mean Free Path (MFP). The maximum cell size has to be less than 1/3 of the MFP. In this work, the free molecular regime has been investigated. In this particular flow regime, the cell size is dictated by the geometrys surface quality achievable with the meshing tool. A meshing box of 3x2x2 [m] has been used, with a free flow cell size of 8.6cm, the minimum cell size on the flat plate surface was 0.5cm. The mesh was filled with 20 particles per cell, granting a good precision (the recommended is 10 particles per cell). The DSMC timestep was 10 −5 , the fields were averaged over 250 timesteps. The simulation convergence was controlled via Matlab. When the drag had reached a 2.5% error on the latest writing step, the Matlab code started averaging the drag each writing step to reduce fluctuations. Four converged forces (and moments) steps had been averaged. A flat plate with the dimension of 1x1x0.01 [m] was simulated over different altitudes, from 150km to 400km with 50km steps. The flat plate relative velocity was computed by the orbital velocity, with the assumption of a circular orbit. The molecular composition, density, and temperature were acquired by the MSISE00 model embedded in Matlab. The wall temperature used for the Gas surface interaction was set to T wall = 350K, the flow temperature changes over the altitude. The speed ratio changes over the altitude due to the variation in the molecular composition and the free flow temperature. The flow velocity has the same direction and orientation of the X-axis (e.g.: V = [7814.1 0 0]m/s). The reference system is shown in Figure 1 along with the configuration where both angles are zero. In Figure 2 the sideslip is achieved by a rotation of 45 degrees about the Y axis, and the angle of attack is zero. The rotation order is always the same: first rotation about the Y axis, second rotation about the Z axis. Results are given in Table 2 . Note that for the particular cases where β = 0, the outputs are in good agreement with the literature. (β, α) ). It consists of a second order polynomial fit obtained in Matlab. As a result, the C D is a non-linear function of (β, α). Hence a uniform sampling of these two angles via the Uncertainty Quantification technique described in Section III would lead to a non-uniform distribution of the drag coefficient.
B. ATS3 and 6
BRL's ATS6 (respectively ATS3) is a 6DoF (respectively 3DoF) aerothermodynamic trajectory simulator that embodies the work of Gainer & Hoffman.
8 Fundamental equations are written in an Earth-fixed reference frame and attitude is represented using quaternions. Drag is evaluated from a database of coefficients precalculated for a number of speed ratios in the range 2 -25, for all orientations of the geometry relative to the flow in steps of 5 degrees of attack and sideslip. The required values for intermediate attitude and velocities interpolated in three dimensions (velocity, attack, sideslip). The aerodynamic databases themselves are constructed from an in-house aerothermodynamic coefficient generator (ACG). This employs a ray-tracing scheme to evaluate the profile of the geometry being examined from either geometric primitives, or, as in this case, an STL CAD file. Continuum drag coefficients are generated using modified Newtonian theory. Free molecular coefficients are constructed from shear and pressure terms as described by Chambre & Schaaf.
9
The continuum and free molecular regimes are bridged using a function driven by the current Knudsen number, centered on a value of 0.1. Other than atmospheric drag, the ATS6 is capable of simulating Earth's gravity with 70x70 harmonics as well as various perturbations such as lunisolar effects and solar radiation pressure. However for this paper, only zonal terms up to J 4 were actually used. 
III. Uncertainty Analysis
A non-intrusive technique is used to fast propagate uncertainty during deorbit and re-entry: it consists in a Chebyshev high order polynomial approximation that is briefly described in this Section. The reader can refer to Tardioli et al. 10 for more details on this method. The non-intrusive Chebyshev approach is a polynomial approximation of the function of interest. More precisely, the latter is interpolated with a multivariate Chebyshev polynomial via a Latin hypercube sampling of the model. Let n be the number of variables and d the desired degree of interpolation. The corresponding Chebyshev basis is:
where C 0 (x r ) := 1, C ir (x r ) := cos(i r arccos(x r )) and x ∈ [−1, 1]
d . The fact that Chebyshev polynomials are defined on the unit hypercube requires to translate the original variables in this particular set. The generic polynomial interpolant for the function of interest has the form
where p i are the unknown coefficients to be computed from the samples. The minimum number of required nodes is equal to the size of the Chebyshev basis:
When the number of samples equals this value, the coefficients of the Chebyshev polynomial are obtained by inverting the following linear system of equations:
where s is the number of grid points and y 1 , . . . , y s are the true values at these points obtained by evaluating the real model. When more samples are computed i.e. s > N , a least square approach enables to compute the coefficients. This adds more robustness to the method.
IV. Results and analysis
A. Study of the re-entry of debris with high-area to mass ratio
In this section we will investigate the effect of uncertainty in the atmospheric density, drag coefficient, light pressure and area to mass ratio on the re-entry time of fragments of satellites with high area to mass ratio. We consider two cases: one in which the object is randomly tumbling and its average drag coefficient is equivalent to that of a sphere (sphere case), the other in which the object is assumed to take a semi-stable configuration (flat plate case).
Case of spherical debris
In this part, the atmospheric re-entry of spherical debris with high area-to-mass ratios has been investigated. The idea is to study on a range of orbits the behavior of a cloud of fragments as obtained for example after a collision. For this analysis, the propagation is stopped as soon as the simulated object reaches an altitude below 120km. The initial epoch was chosen as January 1st 2024 12:00 UTC, due to predictions 5 foreseeing in the year 2024 a large dispersion for the atmospheric parameters (mean solar flux and geomagnetic index). Table 2 contains all the ranges used in this particular analysis, for a total of 11 variables. The range of eccentricity goes from 0 to 0.01, meaning that only near-circular orbits are being probed. Moreover, the span of initial semi-major axis corresponds roughly to initial altitudes between 300 and 800km. Note that for some quantities, the entire possible physical spectrum is covered: this is the case for the radiation pressure coefficient as well as all the angles among the Keplerian orbital elements. As for the area-to-mass ratio, it covers two orders of magnitude: from 1 (similar for example to a solar panel) to 10 (similar for instance to a piece of blanket or paint). Finally, values for the drag coefficient spread over ±10% around a nominal value of 2. Based on the aforementioned re-entry criterion, a surrogate has been computed for the re-entry time. Due to the large span of final values, it is actually the logarithm of the number of days before re-entry that has been approximated with a 5-th order Chebyshev polynomial. For the sake of robustness, it was interpolated on a wider range than the one actually used in the analysis, hence the bracketed values for some parameters in Table 2 . In the following, some analysis is performed on the real model first, before using the surrogate to compute re-entry probabilities. Figure 3 shows the re-entry time as a function of semi-major axis a and inclination i for a particular value of the other parameters. For each point on the (a, i) grid, a full propagation was run to compute re-entry time with all other parameters set to mid-range values from Table 2 . For instance, the drag coefficient is equal to 2. Some fairly intuitive trends can be seen on this map. First of all, the larger the semi-major axis is, the longer the time of re-entry is, simply because the initial altitude is higher. Second, orbits with a near-polar inclination lead to slower re-entry compared to near-equatorial ones. This is due to the Earth's oblateness that implies higher altitudes at higher latitudes and thus less drag. Lastly, retrograde orbits decay faster than prograde orbits as the former go in a direction opposite to the rotating atmosphere.
Figures 4 and 5 are maps similar to Figure 3 , but for the initial right ascension of the ascending node (RAAN) and the argument of perigee. Again, all other parameters are set to mid-range values from Table 2 , except for the initial inclination: i is respectively 10deg for Figure 4 and 90deg for Figure 5 . In particular, note that the initial true anomaly is 180deg, meaning that the trajectory starts at the apogee. These two different cases (i =10 or 90 degrees) illustrate the fact that the importance of the RAAN is the highest for near-polar orbits. Indeed, the right ascension of the ascending determines the orientation of the orbital plane with respect to the Sun and hence impacts atmospheric drag. This translates in a larger re-entry variability in Figure 5 compared to Figure 4 . As for the argument of perigee, its influence is twofold. On one hand, it determines how the ellipse is positioned relatively to the Earth, which is important due to its oblateness. On the other hand, it also fixes the orientation of the eccentricity vector in the orbital plane with respect to the Sun.
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American Institute of Aeronautics and Astronautics Table 2 as a function of initial semi-major axis and inclination (logarithmic scale)
Next, the surrogate is used to obtain various statistics on re-entry, assuming uniform sampling of the ranges of values in Table 2 . The relative fast evaluation of the Chebyshev polynomial allows for a fairly large number of samples (here 10 5 ) to estimate the probability of re-entry. The following studies have been carried out as a function of the initial semi-major axis and/or inclination, as these two parameters can describe any near-circular orbit in a rather general way. For individual studies, a or i is discretized on one axis and the other 10 parameters are free. For coupled studies, the plane is divided into a grid and for each occurrence of (a, i), the 9 other parameters are sampled.
In Figure 6 , marginal cumulative distributions both for the initial semi-major axis and the initial inclination are shown. In other words, it shows the probability to re-enter within the time on the vertical axis depending on the quantity on the horizontal axis. It can be seen that the final range for re-entry is approximately from 0.1 to 1000 days, covering a total of 4 orders of magnitude. This demonstrates a large variability with respect to Figure 3 , especially for the maximum values. The same trends already discussed appear again: slow re-entry is more likely to happen for large values of a as well as for near-polar orbits (i around 90deg). Figure 7 shows probabilities to re-enter within respectively 1, 10 and 100 days as a function of semi major axis and inclination. Figure 8 shows the cumulative probability to re-enter in the intervals of time [0.1, 1], [1, 10] and [10, 100] days respectively. These figures illustrate how re-entry is distributed with respect to the different orders of magnitude for time. In particular, re-entry within 1 day is possible only for a semi-major axis smaller than 6950km. Also, all objects starting below 6900km re-enter within 100 days while debris created above this limit are very unlikely to re-enter in less than 10 days.
American Institute of Aeronautics and Astronautics Table 2 and initial inclination of 10deg as a function of initial ascension of the ascending node and argument of perigee (logarithmic scale) Figure 5 . Days before re-entry for middle-range values from Table 2 and initial inclination of 90deg as a function of initial ascension of the ascending node and argument of perigee (logarithmic scale)
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Case of a square flat plate
This part of the study uses a 3DoF model to approximate the motion of a square flat plate, as described in Section II. Similarly to the spherical case, orbit propagation is stopped when altitude reaches 120km and the initial epoch is 01/01/2024 at midday. A 5-th order Chebyshev polynomial has been computed as a surrogate for the logarithm of the re-entry time, using the ranges reported in Table 3 . While the study of spherical debris simulated a large range of area-to-mass ratio as in a cloud of fragments, here A/m is concentrated around 1, focusing on a particular type of plate similar to a piece of solar panel. The study is still restricted to near-circular orbits. In accordance with the available data from the DSMC, the initial possible altitudes are lower than for the spherical case: from around 200 to 500km. Moreover, from the previous analysis we can say that the the dynamics is mainly governed by gravity and aerodynamics, therefore solar radiation pressure is not included in the simulations in this section.
The key simplifying assumption in this analysis is that the flat plate maintains its orientation with respect to the velocity vector during the whole deorbiting trajectory. This is an extreme case that is not true in general as it will be demonstrated in section 2. Under this assumption the flat plate rotates, as it moves along the trajectory, to maintain its orientation with respect to the local velocity vector. Angle of attack deg 0 90 Figure 9 . Days before re-entry for middle-range values from Table 3 as a function of initial semi-major axis and inclination (logarithmic scale)
As before, the time of re-entry is calculated as a function of initial semi-major axis and initial inclination accounting for uncertainty in all the other parameters. The results from the evaluation of the real model on mid-range values from Table 3 are shown in Figure 9 . The map demonstrates the same trend as for the spherical case. For example, initial inclinations around 0 or 180 degrees lead to faster re-entry than inclinations around 90deg.
A statistical analysis of re-entry is presented next, using the surrogate and uniform Monte Carlo simulations with 10 5 samples (as for the sphere). Figure 10 shows the marginal cumulative distribution both for the semi-major axis and the inclination. Overall, the re-entry range proves to be around 0.05-500 days. It is almost as spread out as for the sphere, even though the range of initial semi-major axis contains lower values. This illustrates the dependency of drag on attitude for a non-tumbling object. Two different aerodynamic configurations can produce drastically different values for the C D , resulting in quite different re-entry times. Once again, the variability tends to be more pronounced for maximums rather than for minimums. Probabilities to re-enter within various times and intervals are shown respectively in Figure 11 and Figure  12 . 
Comparison between a sphere and a square flat plate with similar area-to-mass ratio
In order to isolate the effect of a fixed attitude on drag, the differences on re-entry time between a spherical object and a square flat plate of similar dimensions (namely a unit area-to-mass ratio) have been investigated. This comparison has been obtained from their respective surrogates previously computed. For consistency, the parameters are sampled on a common range -when relevant -reported in Table 4 . In particular, the span of initial altitude is approximately 300-500km. The corresponding distributions can be seen in Figure  13 , even though the tail for the flat plate actually spreads well over 20 days and has been cut off here. In fact, due to the many possible aerodynamic configurations for the plate, there is a higher variability in C D than for the sphere. This results in a re-entry range for the plate that is much larger especially in the upper end (100 days against 10). Figure 13 . Re-entry distribution from 10 5 evaluations of the Chebyshev polynomials for the sphere and the plate with unit area-to-mass ratio and common ranges from Table 4 B. Study of aerodynamic stability for drag sails This section will investigate the motion of a nano-satellite equipped with a passive de-orbiting device such a drag sail. The interest is to identify the effect of stability in the attitude motion on the re-entry time and how the predictions with a full 6dof simulation differs from a simpler 3dof simulation. This section will also look into how the area to mass ratio affects the attitude motion, for different configurations, and therefore, the re-entry time.
De-orbit drag sail configuration
The test cases for drag sails are based on available data for the SSTL TechDemoSat mission with the Cranfield University Icarus drag sail. It is worth noting that the de-orbit predictions of this drag augmented system are based on the assumption that the system is randomly tumbling, 11 and de-orbit from an initial altitude of 635km on a sun-synchronous orbit is expected to take just under nine years.
The basic geometry of the satellite is that of a 77cm x 50cm x 90cm cuboid. The launch adaptor interface is on the -Y face, which suggests that the center-of-mass is below center. As no precise mass properties are available the sensitivity of the drag sail stability to an offset in the center-of-gravity from the geometric center requires analysis. The satellite mass is approximately 150kg, and the sail construction is about 3.5kg. In the deployed configuration the sail has a small sail-angle of 8deg (see Fig. 14) . It is worth noting that further sails from Cranfield 11 have been designed flat (0deg angle to the vertical), which is relatively common amongst drag sails. Therefore, a base test case with a flat configuration drag sail is considered.
It is worth noting that there are other configurations of drag sail which have been considered in the literature. Roberts & Harkness 2 consider a conical sail with an apex angle of approximately 45deg and claim that this configuration is aerodynamically stable, due to the center-of-pressure being moved backward relative to the center-of-gravity. Interestingly, this is in contrast to the tumbling assumption of Kingston et al., 11 and is worthy of investigation. No attempt to determine if a stable configuration can be established from a tumbling state has been made in either case. They also state that both gravity gradient perturbations and solar radiation pressure effects are low at the conditions of interest. Therefore, a second configuration of drag sail using an angle is proposed. Rather than using a cone, the more practical solution of an Icarus-type sail with a larger angle to the vertical is suggested. The geometry remains as before, with the sail in four segments, but with a larger angle to the vertical.
To assess the performance of the drag sail, a test spacecraft is used. This is based on the TechDemoSat spacecraft with a simplified geometry and approximate mass as given in Table 5 . To test different drag sail configurations, the sail size and sail angle are tested. Two sizes of sail, and two angles are used, with one condition where the projected area of the vehicle, and thus the expected drag when aligned, are identical. The parameters defining the sail geometry are given in Figure 14 . The sail height is defined similarly to the sail width in the direction out of the page.
Using these parameters, four drag sails are defined. The first two have a different sail angle, but the same overall height and width as in the Figure 14 schematic. From this, it is clear that the nominal drag area is the same, but the area of the sail material is significantly different. Therefore, two further sails are defined, such that the effect of the sail angle on a drag sail of a fixed sail area, and thus fixed packing volume, can be seen. The four sails are defined in Table 6 .
In order to assess the effect of the key elements of the sail area, sail angle and spacecraft mass properties, the set of cases given in Table 7 is suggested for initial investigation. These test cases will be down-selected for use in the Uncertainty Quantification in a future work.
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American Institute of Aeronautics and Astronautics Drag sails 1 and 2 are shown in Figure 15 . Note that for consistency with the satellite drawings, the sail is on the +X side of the vehicle, so strictly, the stable position is flying backwards. 
Aerodynamic stability
A preliminary investigation of the stability of the four vehicle geometries has been undertaken with ATS6. For this study the center of mass of the vehicle was placed at the geometric center of the cuboid section of the vehicle, and an inertia tensor constructed on the assumption that the vehicle is modeled as a uniform regular cuboid. An initial condition was taken from the TechDemoSat-1 Two Line Element (TLE) for 2016-07-27 published on CelesTrak, as extracted in Table 8 . This TLE results in the simulation initial condition described in Table 9 . From this point a trajectory was propagated using a 4-th order Runge-Kutta integrator with a step size of 5 seconds.
A dynamic Jacchia Roberts atmosphere model was employed with parameters as defined in Table 10 .
The initial pitch rate of -0.0618 degrees / second was empirically selected to maintain a zero angle of attack as the vehicle orbited. This is to ensure the correct pitch rate to maintain orientation relative to the wind as the vehicle orbits the planet. As can be seen in Figure 16 , the four sail configurations under consideration result in re-entries between 6 and 12 years, well within the 25-year constraint.
Examining the vehicle attitude in the first few days of the predicted trajectory, as shown in Figure 17 through Figure 20 , although the initial condition has been selected to try to maintain a stable vehicle first attitude through the orbit the attitude motion very quickly degenerates to a tumbling motion, regardless of sail configuration.
Examining the full trajectories, it can also be seen that the amplitude of this motion does not fall. Further, as shown in Figure 21 through Figure 24 , and in all but the case of geometry 4 stability is not regained prior to re-entry. In the case of geometry 4 tumbling stops approximately 10 days prior to re-entry at an altitude of 325km.
The nature of the tumbling motion can be evaluated by comparing the 6DoF re-entries with those resulting from a 3DoF vehicle representation using tumble averaged drag coefficients for the various vehicle configurations. The results of such a comparison are shown in Figure 25 to Figure 28 . In all cases the American Institute of Aeronautics and Astronautics 6DoF entry date is predicted to be slightly later than the equivalent tumble averaged 3DoF trajectory. This suggests that not only is the sail not being correctly oriented to the direction of travel in order to maximize the vehicles drag, but it fact it is failing to achieve the drag coefficient predicted by random tumbling, which is generally assumed in dragsail analysis to be a worst case. This analysis suggests that this assumption has not been justified. These results would appear to contradict the work of Roberts & Harkness 2 which suggests that conic sails should be stable at altitudes of 600km. However, it should be noted that sails examined by Roberts & Harkness are substantially larger relative to the mass of the vehicle at approximately ∼ 1m 2 /kg, than those proposed here (∼ 0.05m 2 /kg). This will result in the substantially larger torques maintaining that attitude of the vehicle in its optimum orientation, although such large sails are beyond current boom manufacturing and sail packaging technology. If the sails in geometries 1 and 2 are scaled to give projected areas of 150m 2 -named geometry 5 and 6 respectively; bringing the mass per unit projected area to ∼ 1m 2 /kg the resulting attitude motion is summarized in Figure 29 and Figure 30 . Whilst the flat sail of geometry 5 continues to show large amplitude motion, it does not break down into random tumbling. In contrast, the greater sail area (211m 2 ) and higher average drag of the pyramid sail in geometry 6 leads to stable motion. In both instances re-entry is predicted in approximately than 90 days, indicating that the average drag experienced by the two geometries during re-entry is similar.
Even when the sail area is normalized to 150m 2 , with a resulting maximum projected area of 107m 2 , the pyramid geometry displays better attitude stability than a flat sail, as show in Figure 33 and Figure 34 . However, as expected the time to re-entry has been extended to approximately 115 days as a consequence of the smaller projected area. The full definitions of the larger sails examined are detailed in Table 11 . This analysis suggests that it is theoretically possible to optimize a sail geometry for a given target vehicle to deliver a reasonable compromise of attitude stability and re-entry time, given a specified mass and initial orbit. However, current drag sail technologies are not capable of producing such large sail areas.
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American Institute of Aeronautics and Astronautics A first order analysis of the onset of tumbling may be undertaken by adjusting the mass and moment of inertia of a sail to obtain a suitable projected area to mass ratio. It should be noted that this approach employs the simplifying assumption that the mass of the sail is negligible relative to that of the vehicle, and therefore, adjusting the overall system mass has no effect on the center of mass. Figure 35 and Figure 36 illustrate the sideslip profiles for geometry 5 and 6 with masses adjusted to give area to mass ratios in the range 0.01m 2 /kg -10m 2 /kg. Tumbling occurs for area to mass ratios below 0.75m 2 /kg and 0.02m 2 /kg for geometries 5 and 6 respectively. As expected, the onset of tumbling is highly geometry specific. The assumption that the mass of the sail is negligible leads to the center of mass being located at the geometric center of the main vehicle for all configurations. Clearly, the 45deg sail angle and greater X component of geometry 6 leads to the center of pressure being further behind the center of gravity, resulting in a larger static margin and greater stability. The greater sail area of geometry 6 will also be contributing to the overall stability of this configuration, as is shown by an area to mass ratio of 0.05m 2 /kg tumbling when applied to geometry 7 in Figure 37 . It should be noted that the smaller sail area in this instance will also result in the center of pressure being closer to the center of gravity, reducing the static margin of this configuration in comparison to geometry 6. As a consequence, the reduction in stability cannot be entirely attributed to the decreased sail area.
Further analysis is required to assess the limits of the sail area required to maintain stability for a given satellite mass when the simplify assumption of a negligible sail mass is removed.
In a similar manner a first order assessment of the impact of scale on stability given a constant area to mass ratio can be undertaken by scaling the mass and moment of inertia of geometry 5 and 6 to match the area to mass ratio of configurations 1 and 2 respectively. The results of this comparison are illustrated in the attitude motion of the vehicles as shown in Figure 38 and Figure 39 .
The motion of sail configurations 1 and 5 when scaled to the same area to mass ratio initially show a good correlation. However, after half a day the predicted behavior diverges. It is speculated that this variation is caused by the fact that only the mass has been scaled and the relative sizes of the main vehicle have not been similarly treated. It should also be noted that attitude motion is sensitive to small differences in input, and that variations in predicted behaviors tend to be reinforced. Clearly, the behavior of geometries 2 and 6 differ significantly with configuration 6 displaying attitude motion with a small amplitude relative to that of geometry 2.
Whilst Figure 39 might suggest that geometry 6 is stable having applied the mass adjustment, this is not the case, as is shown in Figure 40 . Rather the onset of tumbling is merely delayed to day 60. Like the other geometries examined, once tumbling is initiated a stable orientation is not recovered prior to re-entry, as is shown in Figure 41 . The reason for this greater variation is not immediately clear and requires further investigation. However, it is speculated that it may be due to this case being on the border of stable flight, and therefore, being more sensitive the fact that the geometry has not been scaled in the same manner as the mass. Therefore, while there is some evidence that the stability of sails might be driven by area to mass ratio, independent of scale, a more refined investigation is required to confirm this hypothesis.
V. Conclusions
The first part of this work investigated the re-entry time of fragments of satellites under uncertainty while the second part investigates the aerodynamic stability of drag sails for a nanosatellite. From the preliminary results in this paper one can say that where a high area-to-mass ratio object can expect some stability, it is a requirement that a 6DoF model is used in order to provide a good assessment of the de-orbit time. However, in cases that the object is expected to tumble, a 3DoF analysis using a tumble averaged drag provides a good baseline for an uncertainty analysis.
The uncertainty on the atmospheric drag up to an altitude of about 800km is greatly dominating the re-entry time with large variations in the probability of a successful re-entry. For the spherical case, a probability of 1 for a re-entry time of less than 10 days is expected for altitudes lower than about 500km. On the contrary the uncertainty on the configuration of the flat plate gives a probability of 1 only bellow 300km. These variations have an impact on the re-entry point and on the probability of a collision with other objects in orbit. The results with the flat plate need to be taken with care and only as limit cases. As demonstrated in the case of the drag sail some configurations are not necessarily stable and can induce a tumbling motion. Therefore, although all orientations were considered equally probable, in reality only some of them are actually possible. Therefore, additional work is required to analyze the 6DoF dynamics of the flat plate, for different geometries, and to include the uncertainties in the 6DoF propagation of the drag sail in order to investigate the scalability of the uncertainty on the re-entry time with A/m.
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